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Introduction
Supported molybdenum oxides are widely known as catalysts for selective oxidation, oxidative coupling, or methathesis reactions, and as precursors for hydrodesulfurization catalysts [1, 2] . Over the years, molybdenum catalysts have been extensively characterized by conventional Raman spectroscopy revealing different types of MoO x phases depending on the support material, as recently reviewed by Mestl et al. [3, 4] . In general the detected species are a mixture of monomers, (MoO 4 2) ), oligomers (Mo 7 O 24 6) ), other polymeric species, and crystalline MoO 3 . The final structure appears to depend upon an inherent chemical interaction between the support material and precursor state of the molybdenum. It was shown recently that UVRaman spectroscopy of low-loading MoO 3 /c-Al 2 O 3 could successfully be used to investigate the structure of the MoO x phase [5, 6] . Due to a resonance effect both tetrahedral and octahedral molybdate species were detected even at a loading of 0.1 wt% MoO 3 .
In general, application of UV-Raman (k<300 nm) to study inorganic materials has been shown to successfully circumvent the problem of fluorescence and heat radiation interfering with the Raman signals [7] . Furthermore, when the laser energy is close to an electronic absorption band of the investigated material resonance effects may enhance the Raman intensity by several orders of magnitude [8] . Recently, a comparison was published of ultraviolet and visible Raman spectra of supported metal oxide catalysts, including MoO x [9] . The authors concluded that only a modest resonance enhancement is observed in UV-excited Raman spectra, since the UV-excited spectra are similar to the visible excited spectra.
In addition to bulk catalysts, model catalyst systems are investigated to better understand the real active phase in catalysts. Model systems of molybdenum oxide catalysts have been extensively studied with techniques as XPS and infrared emission spectroscopy [10, 11, 12, 13] which have to be performed under ultra-high-vacuum conditions. Although Raman spectroscopy showed to be an indispensable tool to study the different phases and coordination of Mo-species in catalysts the extremely low loading of active phase in model systems makes it very difficult to obtain Raman spectra with conventional Raman spectroscopy. Thus far only a limited number of studies has been published on Raman spectroscopy applied to supported thin metal oxide films [13] . Since anchoring of the active species onto the support has been shown to be vital for catalysis it is essential to identify the supported MoO x species in model catalyst systems to assure a similarity between the model and the ''real catalysts. ' [14] . Calcination was carried out in a glass reactor under a 20% O 2 /Ar flow at 1.5 bar. The catalyst was heated to 500°C at a rate of 5°C/min and kept at the desired temperature for 30 min.
Samples are designated MoO x (x)/SiO 2 /Si and MoO x (x)/Al 2 O 3 /Si with (x) denoting the number of metal atoms per nm 2 . The samples were exposed to ambient air while Raman spectra were taken.
Visible light Raman spectroscopy
Visible light Raman experiments were performed on a Confocal Raman Microscope (Instruments SA Inc. -Olympus BX 40 microscope] in 180°backscattering geometry operated at k ¼ 532 nm. Data were collected in four spectra of 16 s (averaged into one data set) with a 10 · enlargement. Laser power was approximately 20 mW at the sample.
UV-Raman spectroscopy
The UV-Raman spectrometer was built based on improved concepts published before [7] . The focusing and collecting system consists of a set of flat mirrors and lenses instead of an ellipsoidal mirror. All optical parts are made of very pure quartz to limit the absorbance of UV-light. The spectrometer is equipped with a Lexel 95-SHG frequency doubled Argon + laser operated at k ¼ 244 nm. The detecting system is a T64000 triple-stage spectrometer of Jobin Yvon S.A. equipped with two 24,000 cm )1 gratings and a specially coated UV-sensitive CCD detector. Spectra were taken in air using 90°scattering geometry on a static sample with laser powers between 1 and 3 mW at the sample (spot size~100 lm 2 ) to avoid heating of the surface. Each spectrum was collected for 300 s; four spectra were averaged to increase S/N ratio. All spectra have been calibrated using the gas phase N 2 stretching frequency at 2330 cm )1 . Reproducibility of data for all samples was checked by taking spectra at different spots on the same wafer and by examining freshly prepared samples. figure 1 . The spectra are practically identical, even between 900 and 1050 cm )1 where characteristic Mo@O stretching frequencies were expected. The sharp peak at 520 cm )1 can be attributed to Si-Si stretching, while the Raman scattering between 900 and 1100 cm )1 can be assigned to silicon overtones from the wafer. Alumina signals cannot be observed, since c-Al 2 O 3 is Raman inactive between 100 and 1200 cm )1 [3] . The data clearly show that visible light Raman is not an option to detect sub-monolayers of molybdenum oxide on Al 2 O 3 /Si wafers, since the Mo-O signals seem to be obscured by the Raman spectrum of the plain wafer. tailing between 900 and 800 cm )1 can be attributed to polymolybdate structures.
Recently, Xiong et al. reported on a resonance effect observed for low-loading MoO x -c-Al 2 O 3 [5] . Spectra were presented with specific Raman signals at 910 and 1802 cm )1 , attributed respectively, to Mo@O stretching in an isolated tetrahedral MoO 4 2) species and its overtone. In the present study the sharp signals from isolated tetrahedral MoO 4 2) were not observed. Thus, low loading MoO x on bulk alumina has a different structure compared to sub-monolayer MoO x on Al 2 O 3 / Si, which exhibits a Raman spectrum similar to a bulk catalyst.
MoO x /SiO 2 /Si
Since the type of support material affects the final type of molybdenum oxide, model catalysts of MoO x on SiO 2 /Si were prepared as well. SiO 2 /Si showed a weak Raman scattering intensity for UV-light below 500 cm )1 since most of the UV-radiation was absorbed by the amorphous silica ( figure 3a) . MoO x (6)/SiO 2 /Si showed only a broad band from molybdenum oxide species was detected between 900 and 1050 cm )1 as well as its overtones between 1800 and 1900 cm )1 (figure 3(B) ). Increasing metal oxide loading to 25 atoms/nm 2 resulted in an additional band at 880 cm )1 (figure 3c). For MoO x (6)/SiO 2 /Si the maximum of the broad band shifted to higher wavenumbers (~956) compared to MoO x (6)/Al 2 O 3 /Si. This can be attributed to Mo@O stretching vibrations from to surface polymolybdate species on SiO 2 as reported in literature [4, 15] . The relatively sharp peak at 880 cm )1 present at high molybdenum oxide loading can be assigned to hydrated polymolybdate species [16] . None of the spectra showed characteristic bulk MoO 3 vibrations (996, 820, 667 cm )1 ) even at a high loading of 25 atoms/nm 2 . Remarkably, all samples except SiO 2 /Si showed Si-Si stretching from the Si-wafer (520 cm )1 ) reproducibly. It is well known that oxidation of a Si-wafer yields a fully covered SiO 2 layer on top of the Si wafer. However evaporation of Al 2 O 3 onto Si(100) can result in small pinholes, causing a contribution of the Si-wafer to the Raman spectrum. Further, the SiO 2 /Si wafers were modified using ammonia and hydrogen peroxide at 65°C, followed by boiling water before molybdenum was added. This extra treatment may also result in defects in the SiO 2 layer.
General discussion
The difference in sensitivity between visible light Raman and UV-excited Raman for these MoO x model catalysts can be explained by the resonance Raman effect. UV-absorbance spectra clearly show a UV-absorption band for supported molybdenum oxide, pointing to an enhancement of Raman signals [9] . Moreover, although UV-light penetrates the sample deeper due to its shorter wavelength than visible light, most of the UV-radiation is absorbed by the sample because of the high UV-absorbance capacity of amorphous SiO 2 and Al 2 O 3 . Consequently, only Raman scattering from surface species is detected. The data also show that the scattering intensity is lower for SiO 2 supported molybdenum oxide than for Al 2 O 3 supported samples. This might be explained by stronger interaction of molybdenum oxide with Al 2 O 3 than with SiO 2 in agreement with earlier observations on bulk samples [17] . As a result, Al 2 O 3 supported samples have a higher metal oxide dispersion with more uniform structure, resulting in more intense Raman scattering. The results of this study clearly demonstrate the possibility of UV-Raman spectroscopy for investigating sub-monolayer coverage of molybdenumoxide on SiO 2 /Si or Al 2 O 3 /Si-wafers, opening up a new area of characterization of model systems at atmospheric pressure. For the first time the similarity in molybdenum oxide species is revealed for MoO x model and bulk catalysts with UV-Raman spectroscopy. Further, the MoO x structures vary in a similar way as a function of support material (Al 2 O 3 versus SiO 2 ) for model systems as for bulk catalysts.
